Background: Mannitol and hypertonic saline (HS) are used by clinicians to reduce brain water and intracranial pressure and have been evaluated in a variety of experimental and clinical protocols. Administering equivolume, equiosmolar solutions in healthy animals could help produce fundamental data on water translocation in uninjured tissue. Furthermore, the role of furosemide as an adjunct to osmotherapy remains unclear. Methods: Two hundred twenty isoflurane-anesthetized rats were assigned randomly to receive equivolume normal saline, 4.2% HS (1,368 mOsm/L 25% mannitol (1,375 mOsm/L), normal saline plus furosemide (8 mg/kg), or 4.2% HS plus furosemide (8 mg/kg) over 45 min. Rats were killed at 1, 2, 3, and 5 h after completion of the primary infusion. Outcome measurements included body weight; urinary output; serum and urinary osmolarity and electrolytes; and brain, lung, skeletal muscle, and small bowel water content. Results: In the mannitol group, the mean water content of brain tissue during the experiment was 78.0% (99.3% CI, 77.9-78.2%), compared to results from the normal saline (79.3% [99.3% CI, 79.1-79.5%]) and HS (78.8% [99.3% CI, 78.6-78.9%]) groups (P < 0.001), whereas HS plus furosemide yielded 78.0% (99.3% CI, 77.8-78.2%) (P = 0.917). After reaching a nadir at 1 h, brain water content increased at similar rates for mannitol (0.27%/h [99.3% CI, 0.14-0.40%/h]) and HS (0.27%/h [99.3% CI, 0.17-0.37%/h]) groups (P = 0.968). Conclusions: When compared to equivolume, equiosmolar administration of HS, mannitol reduced brain water content to a greater extent over the entire course of the 5-h experiment. When furosemide was added to HS, the brain-dehydrating effect could not be distinguished from that of mannitol.
M
AnnITOL is currently the standard osmotic agent for treatment of brain edema with or without intracranial hypertension. During the past few decades, hypertonic saline (HS) has emerged as an effective osmotic agent for treatment of cerebral edema of diverse causes. Mannitol and HS have similar mechanisms of action in the brain, using an osmotic gradient-induced shift of extravascular to intravascular water across the blood-brain barrier. Theoretically, HS should be a 
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more effective osmotic agent than mannitol because it has a higher osmotic reflection coefficient (1 vs. 0.9) . 1 Moreover, HS use is not associated with a risk of acute rebound intracranial pressure (ICP) elevation as a consequence of sequestration, which may occur with mannitol across a disrupted blood-brain barrier. [2] [3] [4] [5] [6] In addition, in contrast to mannitol, HS is also a clinically proven volume expander. [7] [8] [9] Therefore, HS may be superior to mannitol for treatment of intracranial hypertension, particularly in traumatic head injury, [7] [8] [9] where hypotension is commonly encountered. In animal studies of traumatic head injury where equiosmolar doses were studied, HS was shown to be superior to mannitol in the control of elevated ICP. [10] [11] [12] However, because the HS tonicities varied in these studies, it is difficult to view them cohesively.
Only two studies have investigated the cerebral effects of mannitol and HS in equivolume, equiosmolar doses. In a model of acute cryogenic brain injury in rabbits, Scheller et al. reported that equiosmolar solutions of HS (3.2%) and mannitol (20%) reduced ICP and brain water content equally well when infused at equal volumes. 13 A recent clinical study using equivolume, equiosmolar solutions of 20% mannitol and 3% HS revealed no difference in brain relaxation as judged by the surgeon's subjective assessment. 14 However, in uninjured animals, no fundamental data exist on reduction of brain water by these agents while maintaining parity with respect to administered volume and solute load.
Furthermore, evidence exists supporting the use of combination therapy of osmotherapy with furosemide. [15] [16] [17] [18] [19] Furosemide has been combined with mannitol and studied in dogs with elevated ICP (inflated epidural balloon model), 16, 19 normal rats, 18 and humans undergoing intracranial surgery. 17 Whether furosemide is added to mannitol or HS, the results from these studies suggest that combination therapy maintains an elevated serum osmolarity, prolongs duration of effect, and augments brain tissue dehydration and ICP reduction, compared with osmotherapy alone. In the only study assessing combination HS therapy, Mayzler et al. administered a 3% HS infusion followed by 2 mg/kg of furosemide to rats with closed head injury and found a favorable effect on brain water content at 120 min compared with HS alone. 15 In the current study, we administered equivolume, equiosmolar HS and mannitol to determine the extent and duration of their ability to reduce water content of cerebrum, lung, skeletal muscle, and small bowel in uninjured rats. Moreover, because HS produces substantially less diuresis than does mannitol, we also investigated whether the magnitude of diuretic effect contributes to tissue water extraction by following HS with furosemide in a separate group of animals.
Materials and Methods
In the first set of experiments, 220 male Wistar rats (250-450 g) were used in an animal protocol approved by The Johns Hopkins Animal Care and Use Committee (Baltimore, MD). Rats were anesthetized with a 1.5% isoflurane-oxygen mixture by mask for placement of a femoral venous catheter and, after a short period of stability, anesthesia was reduced to 1.25% isoflurane for the remainder of the experimental period. Rectal body temperature was maintained between 37 and 38°C with a thermostatically regulated heating lamp. Rats were placed in the prone position. Urine was collected with a moderately inflated size 1 pediatric laryngeal mask airway shortened to 2-3 cm that accommodated securely to the rat's perineum and emptied into a urine receptacle. Baseline body weight, serum electrolytes, and serum osmolarity were measured. Serum osmolarity was determined with an automated freezing point depression microosmometer (Advanced Instruments, norwood, MA). Rats were randomized into groups of five or six to study solution and study termination time point by computer-generated list. All experiments were performed sequentially and completed before experimentation on the next randomized group was initiated. Each rat received a bolus infusion of either normal saline (nS) (308 mOsM/L), 25% mannitol (1,375 mOsM/L), or 4.2% HS (1,368 mOsM/L), in a volume of 3.2 ml/100 g body weight. Rats in two of the groups received a secondary slow injection of furosemide (8 mg/kg body weight). The five groupings were as follows: nS, nS plus furosemide, mannitol, HS, and HS plus furosemide. Each intervention grouping (n = 44) was divided into subgroupings (n = 11) based on the point at which the animals were killed, specifically, 1, 2, 3, or 5 h after completion of the study solution infusion.
The primary solution was infused over 45 min. Animals randomized to a furosemide group had furosemide administered as a slow injection during the first 5 min of the observation period after completion of the primary infusion. Animals remained anesthetized for 1, 2, 3, or 5 h without receiving additional fluids. Urinary output was reported as a cumulative total measured only at the experimental endpoint. At the conclusion of the experiment, animals were weighed and killed under deep anesthesia. Blood and urine samples were collected to measure osmolarity and electrolytes. Whole brain (typical sample size, 1-1.5 g wet weight), trachea and lungs (typical sample size, 1.1-1.8 g wet weight), quadriceps femoris muscle (typical sample size, 1.5-3 g wet weight), and the entire small bowel (mucous contents gently extracted with typical sample size, 3-4 g wet weight) were harvested for determination of tissue water content. All tissues were dried at 95°F for 2 days. Tissue water content was calculated as follows: % H 2 O = (1 -dry weight/wet weight) × 100%.
In a second experiment, rats were anesthetized in the same fashion. After femoral venous and arterial access were obtained, they were assigned randomly to receive one of the same five infusions (n = 7 each group). As with the first set of experiments, they were kept under general anesthesia (1.25% isoflurane) for the 5-h experimental period. Their physiologic state was allowed to fluctuate freely and was recorded at 15-min intervals for the first 75 min, then 30 min later at 105 min, and then every 60 min thereafter.
Statistical Analysis
Data in graphical form are reported as mean, and, when present, error bars represent the SD. Baseline values for Wang et al.
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physiologic parameters obtained before intervention are reported as mean (SD) and were compared with AnOVA. All physiologic parameters except for mean arterial blood pressure were analyzed by linear regression over time with robust error analysis. Quadratic or cubic terms were not considered, given that data were obtained at only four points in time. Regressions were performed with respect to intervention and time of observation, and an intercept and slope were obtained for each intervention. For parameters where baseline data were available before the intervention, deviations from the baseline values were determined, and these were analyzed and reported. Intercepts were chosen so that they provide the group mean over the entire course of the experiment. This would correspond to the value of the regression line 2.75 h (mean, 1, 2, 3, and 5 h) after the completion of the infusion. P values are given for group differences for both intercept and slope for planned comparisons against both the nS and the mannitol groups. Overall, there are seven (4 + 4 − 1) planned comparisons and therefore differences between groups for each parameter are considered significant only for P ≤ 0.007. The criterion for significance was obtained using the Bonferroni correction for seven comparisons and P = 0.05 (0.007 ≈ 0.050/7). Similarly, CIs given for the intercepts and slopes of the regression lines incorporate a Bonferroni correction to 99.3% (100 × [1 − 0.007]).
In contrast to the tissue water measurements, which required animals to be killed at each observation time, observations of arterial blood pressure were obtained for the same animal over the duration of the experiment. Therefore, longitudinal analysis was performed using a general estimating equation approach with robust error estimation. Analysis is presented for the entire experiment, including study solution infusion, and did consider the initial blood pressure of each animal before the intervention and group interactions with time. The intercept was adjusted so that its value represents the mean over the entire experiment, which corresponds to the value of the regression line 2.25 h into the experiment. Comparisons were performed only with respect to the mannitol group. Therefore, for comparisons of blood pressure, P values were considered significant only for P ≤ 0.0125, which was obtained using the Bonferroni correction for four comparisons (0.0125 = 0.050/4). Similarly, CIs are reported for 98.75% (100 × [1 − 0.0125]). Although mean arterial pressure (MAP) was measured at a considerably larger number of time points than for the other types of data, only a linear fit was obtained. Here, the goal was not to model the time course of the MAP data but to obtain a representative measure of MAP during the course of the entire experiment, and this is contained in the intercept.
All reported P values are those from two-sided tests. Statistical analysis was facilitated by the use of Stata 12.0 (StataCorp, College Station, TX).
Results
All animals survived for the duration of the experiment and were included in the analysis. Data on weight, serum, and urine electrolytes are listed in table 1 and summarized by the intercepts and slopes of the corresponding regression lines. The intercept was selected so that its value provides the mean of the variable over the entire course of the experiment. Data For each parameter where it is available, baseline data are provided as mean (SD) for each intervention. The results of the interventions are summarized for the 5-h experiments by the intercepts and slopes of the corresponding regression lines, where the intercept indicates mean of the parameter over all observations for the given intervention and corresponds to the value of the regression line 2.75 h after completion of the infusion. Regression weights are given along with their CI, which were corrected to account for the comparison of multiple groups as described in the text. The results from each intervention were compared to both normal saline and mannitol, with the significance of these differences indicated in the table for both the intercept and slope of the corresponding regression lines. Results are considered significant only for P ≤ 0.007 (≈0.05/7), which reflects the seven possible comparisons depicted. Baseline values are available only for weight and serum electrolytes. For weight, baseline values are expressed in absolute terms, whereas the remainder of the weight data are given as percentage change with respect to the starting weight. Serum electrolytes are expressed as their change from their starting value. All other parameters are presented as absolute, not relative, values. * Differences are considered significant and denoted if P ≤ 0.007 to account for multiple comparisons as described in the text. † Intercepts and slopes of the regression lines are given with 99.3% CI, which correspond to P = 0.007 (≈0.05/7) using a Bonferroni correction for multiple comparisons. ‡ P values represent differences in intercepts and slopes of the regression lines compared with either of the reference solutions (NS or MAN). Baseline values are averaged for each intervention group for animals from all four observation times. Initial animal weights did vary over intervention (P < 0.001) and observation time (P < 0.001). Small but significant group differences (P = 0.008) in initial serum Na + concentrations were also observed. Small differences in initial K + concentration are present for both group and time (P < 0.001). Finally, for serum Cl − concentrations, differences were observed in initial values between groups (P <0.001) and for the different observation times (P = 0.022). For these reasons, changes in weight were reported as a percentage change in initial weight, and serum electrolytes are reported as changes from baseline values. HS = hypertonic saline; HS + FUR = hypertonic saline plus furosemide; MAN = mannitol; NS= normal saline; NS + FUR = normal saline plus furosemide; n/a = not available; Ref = reference.
on serum osmolarity and urine output are given in figure 1 , data on tissue water content are given in figure 2 , and data on MAP are given in figure 3 . Whenever baseline values of a parameter were available, changes from that value are what are presented and analyzed. Raw data on serum osmolarity and brain water are displayed in table 2.
Overall, in the nS group, serum osmolarity ( fig. 1A ) did not vary from baseline over time (slope, 0.6 mOsML/H [99.3% CI, −1.2 to 2.3 mOsML/H]). Compared to nStreated rats, change in serum osmolarity was different in all groups (P < 0.001), with higher values observed in HS, HS plus furosemide, and mannitol groups. Serum osmolarity in the HS group declined at a rate of −5.7 mOsML/h (99.3% CI, −7.4 to −4.1 mOsM/h) but remained relatively constant in the nS, mannitol, and HS plus furosemide groups for the course of the experiment. Serum osmolarity was greatly elevated immediately at 1 h and remained so through 5 h in the HS plus furosemide and mannitol groups ( fig. 1A) . Compared to the relatively flat time course of both mannitol (0.5 mOsM/h [99.3% CI, −1.2 to 2.3 mOsM/h]) and nS, only the HS group differed (P < 0.001).
Compared to nS, rats treated with HS or HS plus furosemide experienced higher serum sodium concentrations, whereas sodium concentration decreased after mannitol or nS plus furosemide administration (P < 0.001) (table 1). In addition, serum potassium concentration increased in mannitol and HS plus furosemide-treated rats (P ≤ 0.005), although no differences were seen with the other groups compared to nS (table 1). Because nonbuffered HS was administered, rats were hyperchloremic in both HS groups, whereas chloride concentration diminished in the mannitol and the nS plus furosemide groups (P < 0.001) (table 1). Fig. 1 . Change in serum osmolarity (A) with respect to initial value, and total urine output (B) over the course of the experiment for each intervention. Serum osmolarity was determined before the intervention and 1, 2, 3, and 5 h after completion of the 45-min infusion of normal saline (NS) with or without furosemide (FUR), 25% mannitol (MAN), or 4.2% hypertonic saline (HS) with or without furosemide. Differences with respect to initial serum osmolarity were then determined and are displayed. The data used to compute these differences are listed in table 2. Urine outputs represent the total from the beginning of the experiment until the indicated time and are normalized to each animal's initial weight in units of 100 g. The significance values in the insets (comparison with NS [Ref] noted on the left and mannitol [Ref] on the right) arise from comparisons of the intercepts where the regression line passes through 2.75 h. Thus, these represent comparisons of the overall mean for each group over the course of the experiment. In addition, for serum osmolarity, the slope of the regression line for HS differed from both NS and mannitol (P < 0.001). The slopes for the other interventions did not differ from either NS or mannitol (P ≥ 0.511). For urine output, the slopes of all interventions differed from NS (P < 0.001), whereas there were no differences when compared to mannitol (excluding NS, P > 0.075). All values in the figure are expressed as mean (SD). An asterisk indicates statistical significance using a value of P ≤ 0.007 to account for multiple comparisons as described earlier under Materials and Methods. See text for additional detail. Wang et al. Ref, right of inset) . For brain, the slope of the regression line is less for NS plus furosemide (FUR) compared to mannitol (P < 0.001). For lung, the slopes for all of the regression lines differ with respect to mannitol (P ≤ 0.003). For muscle, the slopes are similar (P ≥ 0.019). For small bowel, the slope of the regression line for NS differs with respect to mannitol (P = 0.004). As described in the text, the location of the intercept was adjusted so that its value corresponds to the mean of the variable over the course of the experiment, which occurs when the regression line passes through 2.75 h. For brain, the intercepts and slopes are given for each intervention: NS, 79.3 (99.3% CI, 79.1-79.5) and 0. 13 
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Mean urinary output and the change in output over time differed in all groups compared with nS (P < 0.001) (fig. 1B) . The mean urine output for mannitol (7.0 ml/100 g body weight [99.3% CI, 6.3-7.6 ml/100 g body weight]) was greater compared with all groups (P ≤ 0.004). Although the change in urine output with time following HS plus furosemide administration was the greatest in absolute terms (slope, 1.0 ml 100 g -1 h -1 [99.3% CI, 0.7-1.3 ml 100 g -1 h
-1 ]), there was no difference in the time course of any group (except nS) when compared with mannitol (P ≥ 0.075). Most of the urine production in the mannitol-treated groups had occurred within 2 h, whereas urine output appeared to increase more uniformly over 5 h with HS plus furosemide ( fig. 1B) . In assessing urine composition, urinary excretion of sodium was reduced with mannitol and increased with HS and HS plus furosemide compared with nS alone (P < 0.001) (table 1) .
Mannitol, HS, and HS plus furosemide all reduced brain water content relative to nS (P < 0.001), whereas nS plus furosemide was no different than nS ( fig. 2A) In the skeletal muscle, HS, HS plus furosemide, and mannitol reduced water content when compared to nS (P < 0.001) ( fig. 2C ), but the time course of all groups was similar (P ≥ 0.019). In contrast to brain, the effect of HS in skeletal muscle and lung was more persistent (fig. 2, A-C) . In the small bowel, water content was unchanged in rats that received HS or nS plus furosemide (P ≥ 0.013) but decreased in animals receiving infusions of mannitol or HS plus furosemide (P < 0.001) (fig. 2D) Although the initial MAP did differ between groups (P < 0.001), these differences did not contribute to the observed Fig. 3 . Mean arterial pressure (MAP) over time with respect to intervention. Rats (n = 7 each group) were anesthetized with a 1.5% isoflurane-oxygen mixture. MAP was determined from the beginning (time = 0) of the 45-min infusion at predesignated intervals as described earlier under Materials and Methods. Groups include normal saline (NS) with or without furosemide (FUR), 25% mannitol (MAN), and 4.2% hypertonic saline (HS) with or without furosemide. MAP was allowed to fluctuate freely over the entire experiment. The mean value of MAP (99.3% CI, adjusted for multiple comparisons) over the course of the experiment is indicated in the inset of the figure. These means correspond to the value of the corresponding regression lines 2.25 h from the start of the experiment. The P value indicates the significance of differences when these are compared to the mannitol (Ref) group. The slope of the NS group was steeper than the mannitol group (P < 0.001), but the slopes of the other groups did not differ from mannitol (P 0.030). Although the initial values of MAP (time = 0) did differ between groups (P < 0.001), these differences did not appear to contribute to the observed values of MAP over the course of the experiment (P = 0.289). fig. 3 ) over the course of the experiment (P = 0.289). Trends in the nS and nS plus furosemide groups toward a lower MAP did not achieve significance (P ≥ 0.051).
MAP (
Discussion
This study evaluated the tissue-dehydrating effect of HS and mannitol in normal rats using equivolume, equiosmolar administration to achieve the greatest possible parity. Both agents effectively decreased brain water content, but mannitol had a larger effect. Compared to HS, the larger effect of mannitol was established early on, when elevation of serum osmolarity and urinary output was greatest. Tissue-dehydrating effects similar to those of mannitol were obtained when furosemide accompanied HS administration, and were driven by comparable levels of serum osmolarity and urinary output. The early large decrease in brain water is the basis for the longer term benefit for both mannitol and HS plus furosemide, as the reaccumulation of brain water occurs at the same rate for mannitol, HS, and HS plus furosemide.
In tissues other than brain, the findings were somewhat different. The dehydrating effect of mannitol was greater than that of HS in the lung, but there was no difference observed between the two agents in skeletal muscle. In the small bowel, the results contrasted with the findings in the brain greatly, with the effects of HS and nS being indistinguishable. The response in small bowel has been explained by differences in permeability of the vascular smooth muscle cells, basal vasomotor activity, compliance of the extravascular compartment, and, importantly, the metabolic response of the parenchyma cells. 20 The principal mechanism of action of mannitol and HS on the brain results from the development of osmotic forces driving water across an intact blood-brain barrier. 21 With HS, the rise in brain water from its nadir can be explained by a concordant reduction in serum osmolarity. After 1 h, the mannitol and HS plus furosemide groups experienced a rise in brain water despite serum osmolarities that remained constant. This observation might partially be explained by mannitol's reflection coefficient of 0.9, but this explanation cannot be applied to HS plus furosemide. Importantly, because HS and mannitol are equiosmolar, the observed difference in cerebral effects cannot be explained by a difference in osmotic potency but may be attributable to another property of the respective agents. Data used to compute the change in serum osmolarity are displayed in fig. 1A . Because animals were killed to obtain data for each time point, there exist baseline measurements and postintervention values for each time point. Differences in serum osmolarity were then computed for each animal from these data. For convenience, the differences used to generate figure 1A and the data on brain water content from figure 2A are also shown. For each parameter, data are provided as mean (SD) for each intervention and observation time. Differences in initial serum osmolarity could be appreciated for each group and observation time (P < 0.001), which encouraged the use of differences in serum osmolarity for comparing groups over time. HS = hypertonic saline; HS + FUR = hypertonic saline plus furosemide; MAN = mannitol; NS = normal saline; NS + FUR = normal saline plus furosemide.
The disparate mechanisms of diuresis may help explain some of the above observations. The postulated mechanism for HS-induced diuresis is through the release of atrial natriuretic peptide at the cardiac atrium or centrally at the hypothalamus. 22, 23 Atrial natriuretic peptide reduces release of renin at the juxtaglomerular apparatus and therefore angiotensin II. 24 Sodium control in the proximal tubule, which handles 60-80% of sodium reabsorption, is influenced by the sympathetic nervous system and angiotensin II. 25 In contrast, the primary diuretic action of mannitol arises from filtration at the glomerulus, where it remains unabsorbed in the tubule and exerts an osmotic effect, inhibiting water reabsorption. 26 In our experiment, administration of 4.2% HS induced a substantial natriuresis that resulted in excretion of sodium at much greater levels than nS-treated animals. However, mannitol-treated rats produced nearly three times more urine than did HS-treated rats over the 5-h experimental period. The addition of furosemide, a loop diuretic that inhibits chloride and sodium absorption in the distal tubules, increased urinary output of HS-treated rats to a level nearing that obtained with mannitol while maintaining a substantial natriuresis.
The combination of HS plus furosemide increased urinary output, elevated serum osmolarity in a sustained fashion, and reduced brain water to levels similar to those of mannitol. It could have been expected that adding furosemide to HS would only augment the diuretic effect, as nS plus furosemide had no effect on serum osmolarity or brain water content. HS administration likely created osmotic forces sufficient to draw water into the vasculature from peripheral tissues, but its weaker diuretic potency was insufficient to force elimination of much of this water, resulting in decreased serum osmolarity with time. The addition of furosemide seemed to remedy the shortfall in diuretic potency. Although it is impossible to definitively conclude whether the greater effect of mannitol on brain water is attributable to its diuretic action or to an intrinsic drug effect, it is striking that the decrease in brain water of HS plus furosemide at 1 h mirrored that of mannitol and far exceeded the initial change observed with HS alone. This profound early effect implies that diuretic potency has a central role in tissue dehydration.
Hydrostatic pressure is another potential cause of altered tissue water content. The literature suggests that a mean intracarotid luminal pressure of 180 mmHg (or an acute rise of approximately 60 mmHg) is required to produce dysfunction of the blood-brain barrier and brain edema in normal animals. [27] [28] [29] In our experiment, the absolute pressures and even small short-lived trends between experimental groups lie far below this range, making it unlikely that differences in blood pressure contributed to our observed group differences in tissue water content.
Most comparisons between HS and mannitol were performed in experimental models of acute brain injury, with limited data obtained in uninjured animals. Investigative approaches have included maintaining parity of infusate total osmotic load, volume, or both. The first approach uses equiosmolar doses but unequal volumes of the agents of interest. Berger et al. administered single, equiosmolar loads of 7.2% HS-10% dextran or 20% mannitol to rabbits with cryogenic brain injury. 10 Mannitol lowered the ICP for a longer duration than HS-dextran after the first administration (189 vs. 98 min), but no differences in duration were noted after the second administration. Interestingly, water content increased in the traumatized hemisphere and decreased in the uninjured hemisphere after HS administration, whereas no differences were found in water content in either hemisphere after mannitol administration. Qureshi et al. 30 compared the therapeutic efficacy of equiosmolar doses (5.5 mOsM/kg) of 25% mannitol, 3% HS, and 23.4% HS in a canine model of intracerebral hemorrhage. They found that 3% and 23.4% HS were as effective as mannitol in reducing intracranial hypertension. However, 3% HS had a longer duration of action (2 h). Mirski et al. 12 compared the efficacy of single, equiosmolar doses of 23.4% HS and 25% mannitol for reducing elevated ICP in a rat model of acute closed head injury. HS reduced ICP greater than mannitol, and the effect lasted substantially longer (500 vs.120 min). In our recent study, equiosmolar doses of HS, at a concentration of 7.5% or higher, administered to uninjured rats produced a larger diuresis, greater reduction in brain water content, and a longer lasting effect than lower concentrations of HS. 31 The effectiveness of HS appears to increase with increasing tonicity, which was also linked to diuretic potency.
The second experimental approach uses equal volumes of solutions with different osmotic loads. Freshman et al. 11 administered a single bolus of 7.5% HS or 20% mannitol in equal volumes to sheep with acute head injury. Despite the fact that animals treated with HS had significantly higher serum sodium and osmolarity levels, the reduction in ICP and brain water content and the duration of action of the two agents were similar.
Finally, in the only other equivolume, equiosmolar comparison, Scheller et al. 13 demonstrated that 3.2% HS and 20% mannitol decreased ICP for 60-90 min and reduced water content in the contralateral noninjured cerebral hemisphere after 2 h with equal efficacy. Although our study also demonstrated the dehydrating potency of HS, it was not as great as the effect of mannitol throughout the entire 5-h observation period.
Clinical studies of the ICP-lowering effect of HS and mannitol have been carried out primarily in patients with acute intracranial injury. In most studies, either equiosmolar or equivolume doses of 7.5% HS or 20% mannitol were administered. [32] [33] [34] [35] To date, no clinical study has used equivolume, equiosmolar treatments to evaluate ICP-lowering effect or any objective endpoint. However, Rozet et al. used equivolume, equiosmolar dosages for intracranial surgery with an endpoint defined by a surgeon's subjective assessment of brain relaxation.
14 Importantly, several clinical studies have shown that high-tonicity HS can successfully decrease elevated ICP refractory to standard mannitol therapy. These studies again suggest that the cerebral effects of HS may be clinically superior when a concentration of 7.5% or greater is used. [36] [37] [38] At present, combination therapies are not typically used to treat cerebral edema and have not been subjected to clinical investigation in this setting. However, treatment with hightonicity HS (such as 23.4%) followed by furosemide has the potential to be the therapy of choice for rapidly decompensating or refractory neurologic patients with cerebral edema.
Our study may be limited in its generalizability in that it was executed in an uninjured rat model, and these therapies are not used in subjects with normal brains. However, when administered in the setting of brain injury, the therapeutic effects of HS and mannitol ensue from action on healthy brain. As such, it was essential to characterize these agents in normal brain under conditions of greatest possible parity. A minor limitation arose from systemic errors introduced by small calibration errors in the micro-osmometer and instruments for measuring electrolyte concentrations, which resulted in group differences in the baseline determination of these variables. However, these differences, as well as those in baseline weight, were all accounted for statistically. Finally, the use of five interventions with 10 possible pairings raises concerns about multiple comparisons in the statistical analysis. Comparisons were restricted to just the nS and mannitol groups, leading to seven possible comparisons, and the criterion for significance was adjusted accordingly. Even if all 10 comparisons were permitted, the resulting criterion for significance using a Bonferroni correction would be 0.005, and virtually all reported differences would still be considered significant.
In summary, we have shown that under equivolume, equiosmolar conditions, 25% mannitol induces a longer lasting increase in serum osmolarity, resulting in a greater reduction in tissue water content than 4.2% HS. Although HS may be a potent osmotic agent, its diuretic effect is much weaker, especially at low concentrations. The addition of furosemide to HS not only enhanced the diuretic effect but also produced a sustained elevation in plasma osmolarity, which resulted in a reduction of brain water content that could not be distinguished from that of mannitol.
